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A method for estimating the location of a wireless terminal
is disclosed that is based on using: the known location of one
or more devices, empirical data that indicates the relative
position of the wireless terminal to the devices, and empiri-
cal data that indicates the relative position of the wireless
terminal (which is at an unknown location) relative to other
wireless terminals that are also at unknown locations.

ABSTRACT
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Generate Most Likely Estimates of the Location of Each Wireless Terminal
Based on Empirical Data of Radio Signals Between Wireless Terminals and
Base Stations

v

Estimate How Consistent Each Combination of Most-Likely Estimates is With
the Measurements of Round-Trip Times

Estimate How Consistent Each Combination of Most Likely Estimates is with
the Empirical data of the Radio Signals Between the Wireless Terminals and
the Base Stations

!

The Combination of Most-Likely Estimates With the Smallest Total Error
Constitutes the Best Estimate of the Locations of the Wireless Terminals
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ESTIMATING THE LOCATION OF A
WIRELESS TERMINAL BASED ON
RADIO-FREQUENCY PATTERN MATCHING
AND COOPERATIVE MEASUREMENTS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is related to “Cooperative RF Pattern
Matching Positioning for LTE Cellular Systems,” Applica-
tion Ser. No. 62/035,270, which is incorporated by reference
in its entirety.

FIELD OF THE INVENTION

The present invention relates to telecommunications in
general, and, more particularly, to a technique in which two
or more wireless terminals cooperate to make measurements
that assist in generating an estimate of their locations.

BACKGROUND OF THE INVENTION

The salient advantage of wireless telecommunications
over wireline telecommunications is that the user of the
wireless terminal is afforded the opportunity to use the
terminal anywhere. On the other hand, the salient disadvan-
tage of wireless telecommunications lies in that fact that
because the terminal is mobile, an interested party might not
be able to readily ascertain its location.

Such interested parties might include both the user of the
wireless terminal and a remote party. There are a variety of
reasons why the user of a wireless terminal might be
interested in knowing his or her location. For example, the
user might be interested in telling a remote party where he
or she is or, alternatively, the user might seek advice
regarding navigation.

In addition, there are a variety of reasons why a remote
party might be interested in knowing the location of the
terminal. For example, the recipient of an E 9-1-1 emer-
gency call might be interested in knowing the location of the
terminal so that emergency services can be dispatched to that
location.

There are many techniques in the prior art for estimating
the location of a wireless terminal and each has it advantages
and disadvantages. None of these techniques generate per-
fect estimates, however, and so the need for techniques that
are more accurate always exists.

SUMMARY OF THE INVENTION

Almost all techniques in the prior art for estimating the
location of a wireless terminal are based on using:

(1) the known location of one or more devices, and

(ii) empirical data that indicates the relative position of

the wireless terminal to those devices.

A device at a known location is called an “anchor” and
examples of anchors include base stations and navigation
satellites. Typically, the empirical data that indicates the
relative position of the wireless terminal to an anchor is
based on a physical property of a radio signal that is
transmitted between the anchor and the wireless terminal.
Such physical properties are generally based on, for
example, the finite speed of light or the fact that propagating
signals attenuate in a known way.

In addition to the above, the illustrative embodiment of
the present invention also uses empirical data that indicates
the relative position of the wireless terminal (which is at an
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unknown location) relative to other wireless terminals (that
are also at unknown locations). This information has been,
in general, considered useless in the prior art, but the
inventors of the present invention have recognized how to
exploit it to improve the location estimates.

In general, the illustrative embodiment generates a plu-
rality of hypotheses for the location of two or more wireless
terminals based on prior art techniques, but evaluates each
hypothesis based on its consistency with the empirical data
regarding the relative position of the wireless terminals. This
is in stark contrast to most techniques in the prior art in
which each estimate of the location of one wireless terminal
is independent of every other estimate.

The illustrative embodiment comprises: method of gen-
erating an improved estimate of the location of a first
wireless terminal, the method comprising: receiving, at a
data processing system, a measurement of a first location-
dependent trait of a first radio signal that is transmitted
between a first base station and the first wireless terminal;
receiving, at the data processing system, a measurement of
a second location-dependent trait of a second radio signal
that is transmitted between the first wireless terminal and a
second wireless terminal, wherein the location of the second
wireless terminals is unknown; generating a first candidate
estimate of the location of the first wireless terminal based
on the measurement of the first location-dependent trait of
the first radio signal; generating a second candidate estimate
of the location of the first wireless terminal based on the
measurement of the first location-dependent trait of the first
radio signal; and generating the improved estimate of the
location of the first wireless terminal based on: (i) the first
candidate estimate of the location of the first wireless
terminal, (ii) the second candidate estimate of the location of
the first wireless terminal, and (iii) the measurement of the
location-dependent trait of the second radio signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 depicts a diagram of the salient components of
wireless telecommunications system 100 in accordance with
the illustrative embodiment of the present invention.

FIG. 2 depicts a block diagram of the salient components
of location engine 113 in accordance with the illustrative
embodiment.

FIG. 3 depicts a flowchart of the salient tasks performed
in accordance with the illustrative embodiment of the pres-
ent invention.

FIG. 4 depicts a flowchart of the salient tasks performed
in accordance with task 304.

FIG. 5 depicts an algorithm that performs task 404.

DETAILED DESCRIPTION

Definitions—For the purposes of determining validity and
infringement, the following definitions are provided:

Based on—For the purposes of this specification, the
phrase “based on” is defined as “being dependent on” in
contrast to “being independent of”. The value of Y is
dependent on the value of X when the value of Y is different
for two or more values of X. Being “based on” includes both
functions and relations.

Generate—For the purposes of this specification, the
infinitive “to generate” and its inflected forms (e.g., “gen-
erating”, “generation”, etc.) should be given the ordinary
and customary meaning that the terms would have to a
person of ordinary skill in the art at the time of the invention.
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Identity of a Radio Signal—For the purposes of this
specification, the “identity of a radio signal” is defined as
one or more indicia that distinguish one radio signal from
another radio signal.

Location—For the purposes of this specification, the term
“location” is defined as a zero-dimensional point, a finite
one-dimensional path segment, a finite two-dimensional
surface area, or a finite three-dimensional volume.

Location-Dependent Trait of a Radio Signal—For the
purposes of this specification, the term “location-dependent
trait of a radio signal” is defined as a characteristic of a radio
signal that varies with:

(1) the location of the transmitter of the signal, or

(ii) the location of the receiver of the signal, or

(iii) both i and ii.

For example and without limitation, the amplitude and phase
of a radio signal are generally location-dependent traits of
the signal.

Location-Trait Database—For the purposes of this speci-
fication, a “Location-Trait Database” is defined as a map-
ping that associates location with:

(1) one or more location-dependent traits of one or more
radio signals received or transmitted by a wireless
terminal, or

(ii) the identity of one or more radio signals received or
transmitted by a wireless terminal, or

(iii) both i and ii,
at each of a plurality of locations.

Processor—For the purposes of this specification, a “pro-
cessor” is defined as hardware or hardware and software that
performs mathematical and/or logical operations.

Radio—For the purposes of this specification, a “radio” is
defined as hardware or hardware and software that is capable
of telecommunications via an unguided (i.e., wireless) radio
signal of frequency less than 600 GHz.

Receive—For the purposes of this specification, the
infinitive “to receive” and its inflected forms (e.g., “receiv-
ing”, “received”, etc.) should be given the ordinary and
customary meaning that the terms would have to a person of
ordinary skill in the art at the time of the invention.

Transmit—For the purposes of this specification, the
infinitive “to transmit” and its inflected forms (e.g., “trans-
mitting”, “transmitted”, etc.) should be given the ordinary
and customary meaning that the terms would have to a
person of ordinary skill in the art at the time of the invention.

Wireless terminal—For the purposes of this specification,
a “wireless terminal” is defined as a device that is capable of
telecommunications without a wire or tangible medium. A
wireless terminal can be mobile or immobile. A wireless
terminal can transmit or receive or transmit and receive. As
is well known to those skilled in the art, a wireless terminal
is also commonly called a cell phone, a pager, a wireless
transmit/receive unit (WTRU), a user equipment (UE), a
mobile station, a fixed or mobile subscriber unit, a pager, a
cellular telephone, a personal digital assistant (PDA), a
computer, and any other type of device capable of operating
in a wireless environment are examples of wireless termi-
nals.

FIG. 1 depicts a diagram of the salient components of
wireless telecommunications system 100 in accordance with
the illustrative embodiment of the present invention. Wire-
less telecommunications system 100 comprises: wireless
terminals 101-1, 101-2, and 101-3, base stations 102-1,
102-2, and 102-3, wireless infrastructure 111, location-based
application server 112, and location engine 113, intercon-
nected as shown.
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The illustrative embodiment comprises N=3 wireless ter-
minals, but it will be clear to those skilled in the art, after
reading this disclosure, how to make and use alternative
embodiments of the present invention that comprise any
number of wireless terminals.

The illustrative embodiment comprises M=3 base sta-
tions, but it will be clear to those skilled in the art, after
reading this disclosure, how to make and use alternative
embodiments of the present invention that comprise any
number of base stations.

In accordance with the illustrative embodiment, base
stations 102-2 and 102-3 are inside geographic region 120
whereas base station 102-1 is outside of geographic region
120. It will be clear to those skilled in the art, after reading
this disclosure, how to make and use alternative embodi-
ments of the present invention in which any number of base
stations are inside of geographic region 120 and any number
of base stations are outside of geographic region 120.

Wireless infrastructure 111, location-based application
server 112, and location engine 113 are all connected to an
Ethernet network and, as such, can exchange data in well-
known fashion. It will be clear to those skilled in the art how
to connect wireless infrastructure 111, location-based appli-
cation server 112, and location engine 113 using a different
networking technology.

Wireless infrastructure 111 is a data processing system
that comprises a switch that orchestrates the provisioning of
telecommunications service to wireless terminals 101-1,
101-2, and 101-3 and the flow of information to location
engine 113 from wireless terminals 101-1, 101-2, and 101-3
and base stations 102-1, 102-2, and 102-3.

Location-based application server 112 is a data processing
system that comprises hardware and software that uses
estimates of the location of wireless terminals 101-1, 101-2,
and 101-3 in a location-based application. Location-based
applications are well-known in the art and provide services,
such as without limitation, E-911 routing, navigation, loca-
tion-based advertising, and weather alerts.

Location engine 113 is a data processing system that
comprises hardware and software that generates one or more
estimates of the location of each of wireless terminals 101-1,
101-2, and 101-3. It will be clear to those skilled in the art,
after reading this disclosure, how to make and use location
engine 113.

Although location engine 113 is depicted in FIG. 2 as
distinct from wireless infrastructure 111, it will be clear to
those skilled in the art, after reading this disclosure, how to
make and use alternative embodiments of the present inven-
tion in which location engine 113 is wholly or partially
integrated into wireless infrastructure 111. Furthermore, it
will be clear to those skilled in the art, after reading this
disclosure, how to make and use alternative embodiments of
the present invention in which location engine 113 is wholly
or partially integrated into a wireless terminal.

Each of wireless terminals 101-1, 101-2, and 101-3 com-
prises the hardware and software necessary to perform the
tasks described below and in the accompanying figures.
Furthermore, each of wireless terminals 101-1, 101-2, and
101-3 is mobile and can be at any location within geographic
region 120 at any time.

In accordance with the illustrative embodiment, each of
wireless terminals 101-1, 101-2, and 101-3 is capable of
receiving one or more radio signals from:

i. each of base stations 102-1, 102-2, and 102-3, in

well-known fashion, and
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ii. every other wireless terminal, in accordance with the
3rd Generation Partnership Project (3GPP) Device-to-
Device (D2D) communications protocol.

Although the illustrative embodiment uses the 3GPP
Device-to-Device protocol, it will be clear to those skilled in
the art, after reading this specification, how to make and use
alternative embodiments of the present invention that enable
measurements between two or more wireless terminals
according to a different protocol.

In accordance with the illustrative embodiment, each of
wireless terminals 101-1, 101-2, and 101-3 is capable of
identifying each radio signal that it receives and of trans-
mitting the identity of each signal it receives to location
engine-113.

In accordance with the illustrative embodiment, each of
wireless terminals 101-1, 101-2, and 101-3 is capable of
measuring one or more location-dependent traits of each
radio signal that it receives and of transmitting each mea-
surement to location engine 113. Such location-dependent
traits include for example, but are not limited to, timing
advance and reference signal received power.

In accordance with the illustrative embodiment, each of
wireless terminals 101-1, 101-2, and 101-3 is capable of
measuring the round-trip time of signals traveling between
it and every other wireless terminal, in accordance with the
3GPP Device-to-Device (D2D) communications protocol,
and of transmitting each measurement to location engine
113. It will be clear to those skilled in the art, however, after
reading this disclosure, how to make and use alternative
embodiments of the present invention in which the distance
between a first wireless terminal and a second wireless
terminal is estimated in accordance with a different tech-
nique (i.e., signal-strength attenuation, time-difference of
arrival, time-of-arrival, direction-of-arrival, etc.).

In accordance with the illustrative embodiment, each
wireless terminals 101-1, 101-2, and 101-3 are capable of
transmitting one or more radio signals in accordance with
specific parameters (e.g., signal strength, frequency, coding,
modulation, etc.) and of transmitting those parameters to
location engine 113.

In accordance with the illustrative embodiment, each of
base stations 102-1, 102-2, and 102-3 are terrestrial, immo-
bile, and at a known (or knowable) location. It will be clear
to those skilled in the art, after reading this disclosure, how
to make and use alternative embodiments of the present
invention in which some or all of the base stations are
airborne, marine-based, or space-based, regardless of
whether or not they are moving relative to the Earth’s
surface.

In accordance with the illustrative embodiment, each of
base stations 102-1, 102-2, and 102-3 are 3GPP-compliant
and capable of performing the tasks described herein and in
the accompanying figures. For example and without limita-
tion, each of base stations 102-1, 102-2, and 102-3 is capable
of continually:

a. receiving one or more radio signals transmitted by each

of wireless terminals 101-1, 101-2, and 101-3, and

b. identifying each radio signal transmitted by each of
wireless terminals 101-1, 101-2, and 101-3 and of
transmitting the identity of those signals to location
engine 113, and

c. measuring one or more location-dependent traits of
each radio signal transmitted by each of wireless ter-
minals 101-1, 101-2, and 101-3 and of transmitting the
measurements to location engine 113, and

d. transmitting one or more signals to wireless terminals
101-1, 101-2, and 101-3 in accordance with specific
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parameters (e.g., signal strength, frequency, coding,
modulation, etc.) and of transmitting those parameters
to location engine 113.
It will be clear to those skilled in the art how to make and
use each of base stations 102-1, 102-2, and 102-3.

Location engine 113—FIG. 2 depicts a block diagram of
the salient components of location engine 113 in accordance
with the illustrative embodiment. Location engine 113 com-
prises: processor 201, memory 202, and receiver and trans-
mitter 203, which are interconnected as shown.

Processor 201 is a general-purpose processor that is
capable of:

executing an operating system stored in memory 202,

executing application software stored in memory 202,

populating, amending, using, and managing a location-

trait database stored in memory 202.
It will be clear to those skilled in the art how to make and
use processor 201.

Memory 202 is a non-volatile memory that stores:

an operating system, and

the application software that performs task 304 (as

described below), and

the location-trait database.

It will be clear to those skilled in the art how to make and
use memory 202.

Receiver and transmitter 203 enables location engine 113
to transmit data to and receive data from:

each of wireless terminals 101-1, 101-2, 101-3,

each of base stations 102-1, 102-2, and 102-3,

wireless infrastructure 111, and

location-based application server 112.

It will be clear to those skilled in the art how to make and
use receiver and transmitter 203.

Operation of the Illustrative Embodiment—FIG. 3 depicts
a flowchart of the salient tasks performed in accordance with
the illustrative embodiment of the present invention.

At task 301, the location-trait database is constructed, in
well-known fashion, and stored in memory 202 of location
engine 113. The location-trait database is a data structure
that stores the identity and location-dependent traits of all of
the signals that would be observed if a wireless terminal
where at each location in geographic region 120. In accor-
dance with the illustrative embodiment, the values in loca-
tion-trait database are derived through a combination of
“drive testing” (i.e., empirical data gathering) and radio-
frequency propagation modeling. It is well known to those
skilled in the art how to perform task 301. See for example
and without limitation, U.S. Patent Application Publications
2008/0077356, 2008/0077472, and 2008/0077516, which
are incorporated by reference.

At task 302, location engine 113 collects, in well-known
fashion, empirical data on the radio signals transmitted
between each of wireless terminals 101-1, 101-2, 101-3 and
each of base stations 102-1, 102-2, and 102-3. It is well
known to those skilled in the art how to perform task 302.

At task 303, location engine 113 collects, in well-known
fashion, round-trip time measurements on the radio signals
transmitted between each pair of wireless terminals 101-1,
101-2, and 101-3. It is well known to those skilled in the art
how to perform task 303.

At task 304, location engine 113 generates an estimate of
the location of each of wireless terminals 101-1, 101-2, and
101-3 based on:

(1) the empirical data received in task 302,

(i) the round-trip time measurements received in task

303, and
(iii) the location-trait database.
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Task 304 is described in detail below and in the accompa-
nying figures.

At task 305, location engine 113 transmits, in well-known
fashion, one or more estimates of the location of each of
wireless terminals 101-1, 101-2, and 101-3 to location-based
application server 112 for use in a location-based applica-
tion. It is well known to those skilled in the art how to
perform task 305.

After task 305 has been completed, control passes back to
task 302.

Task 304: Generate an Estimate of the Location of Each
of Wireless Terminals 101-1, 101-2, and 101-3—FIG. 4
depicts a flowchart of the salient tasks performed in accor-
dance with task 304, and FIG. 5 depicts a detailed algorithm
that performs task 304. The algorithm is described in detail
in U.S. Provisional Application Ser. No. 62/035,270, which
is incorporated by reference in its entirety.

At task 401, location engine 113 generates C=2 candidate
estimates of the location of each of wireless terminals 101-1,
101-2, and 101-3 using only the empirical data received in
task 302. It is well known to those skilled in the art how to
perform task 401. See for example and without limitation,
U.S. Pat. Nos. 6,944,465, 7,460,505, 7,383,051, 7,257,414,
7,753,278, 7,433,695, 7,848,762, and 8,630,665, each of
which are incorporated by reference. Although the illustra-
tive embodiment generates 2 candidate estimates of the
location of each wireless terminal, it will be clear to those
skilled in the art how to make and use alternative embodi-
ments that generate any number of candidate estimates of
the location for each wireless terminal.

At task 402, location engine 113 estimates how consistent
each combination of candidate estimates is with the round-
trip times received in task 303. For example, if the two
candidate locations for wireless terminal 101-1 are Location
11 and Location 38, as represented by L,={11, 38}, the two
candidate locations for wireless terminal 101-2 are Location
25 and Location 31, as represented by L,={25, 31}, and the
two candidate locations for wireless terminal 101-3 are
Location 15 and Location 47, as represented by L,={15,
47}, then there are 2°=8 combinations of candidate esti-
mates:

C,={11, 25, 15}, Cs={38, 25, 15},

C,={11, 25, 47}, C~={38, 25, 47},

C,={11, 31, 15}, C,={38, 31, 15},

C,={11, 31, 47}, Cs={38, 31, 47}.

In accordance with the illustrative embodiment, one of
these 8 combinations is selected as the improved estimates
of the locations for all three wireless terminals. The com-
bination that is chosen is the combination that is most
consistent with the empirical data regarding round-trip
times. In accordance with the illustrative embodiment, the
measure of consistency or error is calculated for each
combination by:

and

- (Rik‘ch;(i)c;(k)]z (Eq. 1)

c

2
ep =

2
-

k=1 i=Li#l

wherein:
c/(i) is the ith element of the lth set,
d,,, is the true distance between the mth and nth calibra-
tion point, and
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wherein:

ieB,,

d is the distance between the two wireless terminals,

c is the speed of light, and

W, represents the measurement error modeled as a Gauss-

ian random variable with the variance 8,°.
It will be clear to those skilled in the art, after reading this
disclosure, how to perform task 402.

At task 403, location engine 113 estimates how consistent
each combination of candidate estimates is with both the
empirical data received in task 302 and the round-trip times
received in task 303. This measure of consistency or error is
calculated for each combination of candidate estimates by:

elzz(EZFINEjEClNejkz)+eR2 (Eq. 2)

It will be clear to those skilled in the art, after reading this
disclosure, how to perform task 402.

At task 404, the combination of candidate estimates with
the smallest total error, e, is the selected as the improved
estimates of the locations for wireless terminals 101-1,
101-2, and 101-3.

It is to be understood that the disclosure teaches just one
example of the illustrative embodiment and that many
variations of the invention can easily be devised by those
skilled in the art after reading this disclosure and that the
scope of the present invention is to be determined by the
following claims.

What is claimed is:
1. A method comprising:
receiving, at a data processing system, a measurement of
a first location-dependent trait of a first radio signal that
is transmitted between a first wireless terminal and a
first base station;
receiving, at the data processing system, a measurement
of a second location-dependent trait of a second radio
signal that is transmitted between a second wireless
terminal and a second base station;
receiving, at the data processing system, a measurement
of a third location-dependent trait of a third radio signal
that is transmitted between the first wireless terminal
and the second wireless terminal;
generating:
(1) a first candidate estimate of the location of the first
wireless terminal, and
(i1) a second candidate estimate of the location of the
first wireless terminal,
based on pattern matching of the measurement of the first
location-dependent trait of the first radio signal;
generating:
(1) a first candidate estimate of the location of the
second wireless terminal, and
(i1) a second candidate estimate of the location of the
second wireless terminal,
based on pattern matching of the measurement of the second
location-dependent trait of the second radio signal; and
generating an improved estimate of the location of the
first wireless terminal and an improved estimate of the
location of the second wireless terminal based on:
(1) a measure of error between the first candidate
estimate of the location of the first wireless terminal
and the first candidate estimate of the location of the
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second wireless terminal as compared to the third
location-dependent trait of the third radio signal,

(i1) a measure of error between the first candidate
estimate of the location of the first wireless terminal
and the second candidate estimate of the location of 5
the second wireless terminal as compared to the third
location-dependent trait of the third radio signal, and

(iii) a measure of error between the second candidate
estimate of the location of the first wireless terminal
and the first candidate estimate of the location of the 10
second wireless terminal as compared to the third
location-dependent trait of the third radio signal.

2. The method of claim 1 wherein the first radio signal is
transmitted from the first base station to the first wireless
terminal. 15

3. The method of claim 1 wherein the first radio signal is
transmitted from the first wireless terminal to the first base
station.

4. The method of claim 1 wherein the first location-
dependent trait is timing advance. 20
5. The method of claim 1 wherein the first location-

dependent trait is reference signal received power.

6. The method of claim 1 wherein the third location-
dependent trait is round-trip time.
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